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Acute and repeated exposure to psychostimulants such as amphetamine enhances the effects of pavlovian conditioned stimuli on
conditioned behavior. It is hypothesized that amphetamine facilitates conditioned stimulus (CS) effects by selectively enhancing accum-
bal neuronal responses to stimuli. To test this hypothesis, rats were trained to discriminate between two pavlovian stimuli. One stimulus
(i.e., CS�) was paired with sucrose delivery [i.e., unconditioned stimulus (US)], and the other stimulus (i.e., CS�) was paired with the
absence of sucrose. Animals developed a conditioned approach response that occurred during the CS� but not during the CS�. We
tested the effect of different doses of amphetamine (0, 0.25, 0.5, or 1.0 mg/kg) on this conditioned approach behavior as well as on
accumbal neuronal responses time locked to the CS�, the CS�, and the US. Acute amphetamine exposure increased conditioned
approach behavior during the CS�, but not during the CS�. This change in behavior was associated with a selective increase in the
magnitude of accumbal responses during the CS�. Repeated amphetamine administration followed by a drug-free period and reexpo-
sure did not affect the conditioned behavior, but increased accumbal responses to the CS�. These findings support the hypothesis that
amphetamine exposure enhances behavioral responses to pavlovian conditioned stimuli by amplifying accumbal responses to those
stimuli.
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Introduction
Positive pavlovian conditioned stimuli are predictive of particu-
lar rewards (i.e., biologically significant events such as food ac-
cess). These pavlovian conditioned stimuli can direct, energize,
and reinforce behaviors that lead animals to contact reward. Spe-
cifically, presentations of a positive pavlovian conditioned stim-
ulus (i.e., CS�) will evoke (i.e., direct) approach either toward
the stimulus or toward the anticipated location of the reward.
Presentations of a CS� when animals are engaged in behavior
that has previously led to reward can increase (i.e., energize) the
vigor with which animals execute the behavior. Finally, CS� pre-
sentations that are contingent on a new behavioral response can
facilitate (i.e., reinforce) the acquisition of the new behavior. Pav-
lovian conditioned stimulus effects on behavior are implicated in
the regulation of normal behavior and may be relevant to certain
neuropsychiatric disorders (Everitt et al., 2001; Winstanley et al.,

2006; Day and Carelli, 2007). Therefore, it is of interest to identify
mechanisms that underlie and modulate pavlovian conditioning.

Multiple lines of animal research show that acute exposure to
amphetamine (AMPH) can enhance the energizing and reinforc-
ing effects of CS� stimuli (Robbins, 1978; Wyvell and Berridge,
2000). A history of repeated exposure to AMPH, particularly if
followed by an extended drug-free period, can also amplify the
effects of CS� stimuli (Harmer and Phillips, 1998; Taylor and
Jentsch, 2001; Wyvell and Berridge, 2001). Converging evidence
indicates that these drug effects are mediated in part by AMPH-
induced changes in dopaminergic (DA) actions in the nucleus
accumbens (NAc). Therefore, it is hypothesized that these actions
of AMPH facilitate conditioned behavior by enhancing NAc neu-
ronal responses to CS� stimuli. However, the effects of acute and
repeated AMPH on NAc responses to CS� stimuli are not yet
known.

Given these observations, the present study investigated the
effects of acute and repeated AMPH on NAc responses to CS�
stimuli. Long–Evans rats were exposed to pavlovian conditioning
sessions. During the sessions, two sensory stimuli were presented
to animals in a programmed order. One stimulus (i.e., CS�) was
consistently paired with delivery of sucrose [i.e., unconditioned
stimulus (US)] to a trough, whereas the other stimulus (i.e., neg-
ative conditioned stimulus, CS�) was paired with the absence of
sucrose. Across conditioning sessions, the frequency with which
animals approached the sucrose trough increased during presen-
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tations of the CS� but not during presen-
tations of the CS�. After the initial con-
ditioning phase, we used chronic
extracellular recording procedures to char-
acterize the effect of presession injections
of saline and several different doses of
AMPH (i.e., acute AMPH) on NAc neuro-
nal responses to the CS�, the CS�, and the
US. After a subsequent 2- to 4-week drug-
free period, the effect of presession saline
and AMPH administration was evaluated
for a second time. The AMPH effects dur-
ing the first and second set of AMPH ses-
sions were compared to determine the ef-
fects of repeated AMPH. The experiments
show that both acute and repeated AMPH
selectively enhance NAc responses to CS�
stimuli. The findings provide novel infor-
mation regarding mechanisms that influ-
ence pavlovian conditioned stimulus ef-
fects on behavior.

Materials and Methods
Subjects
Subjects were 10 male Long–Evans rats (Charles
River). Animals were individually housed on a
reverse 12 h light– dark cycle in a ventilated en-
vironment and had ad libitum access to water
except during the daily experimental sessions.
One week after surgery, food restriction was im-
posed to maintain the subjects’ body weight at
�375 g. All animal care and protocols were in
accordance with the Guide for the Care and Use
of Laboratory Animals published by the United
States Public Health Service and approved by
the Animal Care and Use Committee of the
University of Pennsylvania.

Surgery
Rats were initially anesthetized with a mixture
of ketamine (100 mg/kg, i.p.) and xylazine (10
mg/kg, i.p.). Anesthesia was maintained with isoflurane through a nose
cone during surgery. One recording array (MicroProbe) was implanted
unilaterally into the NAc [anteroposterior, �0.5 to �3.0 mm from breg-
ma; mediolateral, �0.5 to �1.5 from the midline; dorsoventral, �6.8
from the skull (Paxinos and Watson, 2005)]. The array was rectangular in
configuration and consisted of two rows of 8 quad-Teflon-coated
stainless-steel microwires. The two rows were separated by a space of 0.5
mm. Each row was 2 mm in length. The diameter of each wire was 40 �m,
and adjacent wires within each row were �0.25 mm apart (wire center to
wire center). A separate ground wire was implanted 4 mm into the ipsi-
lateral side of the brain, 5 mm caudal to bregma. The headstage of the
array was fixed to the skull with acrylic dental cement and secured with
stainless-steel bone screws. A more detailed description of the surgical
procedures was provided in another report (Peoples, 2003).

Apparatus
All training and electrophysiological recording sessions were conducted
in Plexiglas experimental chambers (30 � 35 � 30 cm, length � width �
height) purchased from Med Associates. The chambers were enclosed in
sound-attenuating and ventilated cubicles. Each chamber contained a
food trough built into one wall. A small well at the base of the trough was
used as the delivery site for sucrose. The well was equipped with a cus-
tomized lickometer and attached via tubing to a motorized syringe pump
located outside the cubicle. A red house light (2.5 cm in diameter), a
white stimulus light (2.5 cm in diameter) and a speaker were fixed on the
ceiling of the cubicle. The food trough was equipped with photobeam

devices, which were used to detect when the animal’s head entered and
exited the food trough. Experimental events were controlled and re-
corded using customized programs. All experimental sessions were
videotaped.

Behavioral procedures
Overview
Rats underwent four major phases of training and testing (Fig. 1 A). First,
during preliminary training, animals were habituated to the experimen-
tal chamber for 1 d. This session was followed on the next day by a single
magazine training session, during which animals were conditioned to
associate the food trough with sucrose delivery. Second, animals were
exposed to daily pavlovian conditioning sessions, during which they were
trained to associate one stimulus with delivery of sucrose and a second
stimulus with the absence of sucrose (i.e., pavlovian conditioning phase).
The effects of acute AMPH on NAc neuronal activity were characterized
in a third (i.e., acute AMPH) phase. All animals were exposed to five
additional pavlovian conditioning sessions. Each of the sessions was pre-
ceded by a presession injection of AMPH, the dose of which varied across
sessions. In the final (i.e., repeated AMPH) phase of the study, a subset of
the animals were exposed to a drug-free and training-free period and
then reexposed to two additional conditioning sessions, during which we
recorded the effects of acute AMPH on neuronal activity.

Preliminary training
On the first day of training, animals were habituated to the experimental
chamber. Subjects were placed in the chamber for a 2 h period, during

Figure 1. Experimental schematics and placement of electrodes. A, Timeline of the experimental phases. Shaded areas
represent the phases during which electrophysiological recordings were conducted. B, Timeline of a single recording session. The
schematic in the inset shows the events during the training session. C, Location of recording sites. Marks on coronal diagrams
display the location of electrode tips that were verified to be in the NAc and contributed to data analysis. Dark circles represent
electrode tips in the NAc core, dark squares represent electrode tips in the NAc shell, and open circles represent electrode tips on
the core–shell border. Numbers in the left corner indicate the anterior–posterior coordinates (in millimeters) rostral to bregma.
Coordinates were taken from Paxinos and Watson (2005).
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which the red house light was illuminated. Animals were exposed to no
other stimuli during the habituation session. On the subsequent day,
animals were exposed to a magazine training session. The magazine
training session began with illumination of the red house light. During
the session, 0.2 ml of a 10% sucrose solution was delivered 30 times on a
variable interval (VI) 60 s schedule. The magazine training session was
bracketed by a 1 h presession period and a 30 min postsession period,
during which the animal remained in the chamber. During these periods
the chamber was dark.

Pavlovian conditioning
After magazine training, 10 daily sessions of pavlovian conditioning were
conducted. Similar to the magazine training session, each pavlovian con-
ditioning session was bracketed by a 1 h presession period and a 30 min
postsession period. During each daily session, two distinctive sensory
stimuli were presented on a VI 1.5 min schedule. One stimulus (i.e.,
positive conditioned stimulus, CS�) was always paired with the delivery
of sucrose (0.2 ml of 10% sucrose solution delivered in 5 s) to the food
trough, whereas the other stimulus was consistently paired with the ab-
sence of sucrose (i.e., negative conditioned stimulus, CS�). There were
20 presentations of each stimulus. The stimuli were presented in a ran-
dom order with the restriction that no more than two presentations (i.e.,
trials) of the same stimulus occurred consecutively. For half of the sub-
jects, the CS� was a 10 s illumination of the white ceiling light and the
CS� was a 10 s white noise emitted from the ceiling speaker. For the
remaining subjects, the assignment of CS� and CS� was reversed. Dur-
ing the session, the time of each trough head entry and exit was recorded
by the photobeam devices. Each tongue intrusion into the sucrose well
was recorded by the lickometer.

Acute AMPH
Habituation to the injection procedure. At the start of the acute AMPH
phase, animals were habituated to receiving intraperitoneal injections.
The habituation procedure involved exposing animals to presession in-
jections of saline on each of three days of conditioning. The injection (1.0
ml/kg saline, i.p.) was administered at the end of the presession period
and 10 min before the onset of the pavlovian conditioning session (Fig.
1 B).

Baseline recording session. After the 3 d of injection habituation, a
baseline electrophysiological recording session was conducted. The pro-
cedure of the baseline recording session was identical to the three pre-
ceding saline-injection sessions (Fig. 1 B). An acute AMPH dose–re-
sponse curve was determined after the baseline recording session.

Acute AMPH sessions. Testing sessions were conducted every other day
during determination of an AMPH dose–response curve. The sessions
were identical to the baseline recording session except that an AMPH
injection was substituted for a saline injection (Fig. 1 B). Four doses of
AMPH (0, 0.25, 0.5, and 1.0 mg/kg, dissolved in sterile saline) were
administered to each subject (i.e., volume 1.0 ml/kg), one dose per ses-
sion. The doses of AMPH were administered according to a Latin Square
design, in which the dose sequence varied across subjects but was coun-

terbalanced across the whole population of subjects. The procedure dis-
sociated dose and days of cumulative drug exposure and thus controlled
for possible effects of cumulative drug exposure on behavior and neuro-
nal activity.

Repeated AMPH
After the last session of acute AMPH administration, five subjects were
exposed to a 2– 4 week drug- and training-free period (referred to hence-
forth as the drug-free period). Then, the subjects underwent two pavlov-
ian conditioning sessions (separated by 2 d). Animals were administered
0 and 0.25 mg/kg AMPH (volume 1.0 ml/kg) before the start of the first
and second session, respectively.

Electrophysiological recordings
Electrophysiological recordings were conducted on preselected days, in-
cluding several days during the initial pavlovian conditioning phase (not
described herein), the acute AMPH phase, and the final repeated AMPH
phase. On electrophysiological recording days, the electrode headstage
on the animal was attached via a flexible recording cable to an electronic
swivel. The swivel was attached to filtering and amplification equipment
outside the sound-attenuating cubicle. Neuronal signals were led to a
computer running the Multichannel Acquisition Processor software
(MAP; Plexon). On-line isolation of recorded waveforms was accom-
plished using the MAP system. All waveforms that exceeded an ampli-
tude threshold were time stamped (1 �s resolution) and saved for sub-
sequent off-line analysis. Occurrence of experimenter-determined
events (e.g., CS�) was time stamped according to the same computer
clock that was used to time stamp waveforms.

After the recording session, Off-Line Sorter (Plexon) was used to fur-
ther discriminate neural waveforms. Briefly, all recorded waveforms
were plotted in several two- and three-dimensional scatter plots. Wave-
forms that shared similar principle component values formed distinct
clusters and were defined as units. Units that met an interspike interval
criterion (�3% of interspike intervals were �1900 �s) and a signal-to-
noise criterion (�2.5 � noise band in amplitude) were defined as single
neurons and included in analysis. Units that did not meet either the
interspike interval criterion or the amplitude criterion were excluded
from the study.

Data analysis
Behavior
In the present study, head entry into the food trough (i.e., trough entry)
was used as the dependent measure of conditioned approach behavior.
For each recording session, the number of trough entries was counted
during each of three intervals: the 10 s CS� period, the 10 s CS� period,
and the 5 s US period. The total number of trough entries during each
interval was converted to a frequency measure for further comparisons
(i.e., frequency of trough entries � number of trough entries/duration of
the interval).

The repeated AMPH regimens that have been observed in previous
studies to enhance the energizing and conditioned reinforcing effects of
conditioned stimuli are consistent with those that can induce sensitiza-
tion to the locomotor-activating effects of AMPH (Robinson and Becker,
1986). For the purposes of between-experiment comparisons, it was thus
of interest to test whether the AMPH regimen used in the present study
was sufficient to induce locomotor sensitization. To test for sensitization
to the locomotor-activating effects of AMPH in the present study, loco-
motion was quantified by video analysis during the 0 and 0.25 mg/kg
AMPH sessions before and after the drug-free period (i.e., total of four
sessions). Within each session, locomotor behaviors were scored during
the 10 s pre-CS� and CS� periods. The total distance traveled was then
calculated for each of those periods. Specifically, we identified locomo-
tion from one side of a chamber wall to the other, from one side of the
chamber to the other, and from one diagonal corner to the other. The
number of occurrences of these movements was then converted into the
total number of centimeters traversed. The measure was then subjected
to a repeated-measures ANOVA to test for an increase in locomotion
across sessions.

Table 1. Average presession baseline firing rates of recorded neurons across
recording sessions

Session n Firing rate (Hz)

Acute AMPH
0 mg/kg AMPH 123 2.72 � 0.25
0.25 mg/kg AMPH 114 2.70 � 0.26
0.5 mg/kg AMPH 127 2.62 � 0.30
1.0 mg/kg AMPH 117 2.85 � 0.32

Repeated AMPH
0 mg/kg AMPH before 68 2.90 � 0.41
0.25 mg/kg AMPH before 61 2.85 � 0.42
0 mg/kg AMPH after 70 3.25 � 0.40
0.25 mg/kg AMPH after 57 3.03 � 0.43

Presession baseline firing rates across different sessions were not significantly different during either the acute
AMPH phase (1-way ANOVA, p � 0.05) or the repeated AMPH test (2-way ANOVA, p � 0.05). In the repeated AMPH
test, “before” indicates sessions before the drug-free periods, and “after” indicates sessions after the drug-free
period.
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Firing patterns
Normalization of firing rate data. To minimize
variability in firing rates across individual neu-
rons, the raw firing rate of each neuron was
normalized to a presession firing rate (i.e., pre-
session firing rate � total number of discharges
during the 1 h presession period/3600 s). Table
1 summarizes average presession firing rate
during all of the recording sessions. ANOVAs
(� � 0.05) showed that average presession fir-
ing rate was stable across the sessions. An addi-
tional analysis that segregated neurons into
subgroups based on their time-locked re-
sponses to the CS�, the CS�, and the US also
indicated that there was no change in the pre-
session firing rate across the subgroups (data
not shown). Therefore, between-session com-
parisons of normalized firing rate were not bi-
ased by potential changes in the presession fir-
ing rate.

Firing patterns time locked to session events.
Each neuron was tested for time-locked re-
sponses to the CS�, the CS�, and the US.
Responses to the CS� were examined on two
time bases: (1) the 20 s interval between �10
s pre-CS� and the offset of the 10 s CS�
stimulus; and (2) the 4 s period between �2 s
pre-CS� and �2 s after CS� onset. For the
long time-base analysis, the normalized firing
rate during the 10 s CS� was compared with
that during the 10 s pre-CS�. To conduct the
test, firing rate during the 10 s pre-CS� and
the 10 s CS� was calculated on a bin-by-bin
basis (bin width of 250 ms). The pre-CS�
and CS� firing rates were then compared in a
Wilcoxon test (� � 0.01; SPSS). If a neuron
exhibited a significant change in firing (pos-
itive or negative), it was classified as exhibit-
ing a “long-lasting” CS� response. If a neu-
ron lacked a long-lasting CS� response, a
similar comparison was made between the
first 2 s of the CS� and the 2 s pre-CS� (i.e.,
based on the short time-base). If a significant change in firing was
found, the neuron was classified as having a transient CS� response.
If a neuron did not exhibit either a long-lasting or a transient response
to the CS�, it was defined as nonresponsive to the CS�. Identical
procedures were used to test for changes in firing time locked to the
CS�. Time-locked responses to the US were examined by comparing
the normalized firing rate during the first 10 s of US consumption
(i.e., referred to as the US) to that during the 10 s pre-CS�.

Effect of acute AMPH on firing patterns time locked to the CS�, the CS�,
and the US. We tested for an effect of acute AMPH on CS�, CS�, and US
responses. To test for an acute AMPH effect on CS� responses, the
average normalized firing rate of neurons responsive to the CS� (i.e.,
CS� neurons) was determined for the CS� and the CS� at each AMPH
dose. The average firing rates were then compared using an ANOVA
(� � 0.05). Comparable procedures were used to test for an acute AMPH
effect on CS� responses. To test for an AMPH effect on US firing, the
average normalized firing rate of neurons responsive to the US (i.e., US
neurons) was determined for the 10 s US period and the 10 s pre-CS� at
each AMPH dose. The firing rates were then compared using an
ANOVA.

Effect of repeated AMPH on firing patterns time locked to the CS�, the
CS�, and the US. To test for an effect of repeated AMPH on CS�, CS�,
and US responses, average firing rates were calculated during the event
period and a comparison period, as described above. Average firing rates
were compared across the following four sessions: (1) the 0 and 0.25
mg/kg AMPH sessions before the drug-free period, and (2) the 0 and 0.25

mg/kg sessions after the drug-free period. Firing rates were compared
using ANOVAs (� � 0.05).

Behavioral clamp control analysis. For some neurons, firing rate was
calculated during periods in which the animal was engaged in particular
behaviors. Specifically, we focused on three behavioral periods during
the 10 s CS� presentation: an “in” period in which the subject was
engaged in trough entry, an “exit” period in which the subject was with-
drawing from trough entry, and an “out” period in which the subject
remained out of the trough and was engaged in behaviors other than
trough entry. Operationally, the “in” period was defined as the 500 ms
immediately after a trough entry. The “exit” period equaled the 500 ms
immediately after a head exit from the trough. The “out” period was the
500 ms immediately after the median point of an interval in which the
subject remained out of the trough for �1 s. ANOVAs were used to
compare average firing rates during the different periods.

Histology
Rats were injected with a lethal dose of ketamine after the last recording
session. Anodal current (50 �A for 4 s) was passed through each microw-
ire. The animals were then perfused with 4% paraformaldehyde. Coronal
sections (30 �m) were mounted on slides and incubated in a solution of
5% potassium ferricyanide and 10% HCl to stain the ion deposits left by
the recording tip. The tissue was counterstained with 0.2% solution of
Neutral Red. The location of each wire tip was plotted on the coronal
plate (Paxinos and Watson, 2005) that most closely corresponded to its
antero–posterior position. Recorded neurons were then classified as
core, shell, or border neurons based on Paxinos and Watson (2005). In

Figure 2. Frequency of trough entry during the acute AMPH phase. A, For the baseline session, the average frequency of
trough entry is plotted for the CS�, the CS�, and the US. B, For the baseline session, the frequency of trough entry during the
CS� and CS� trials is plotted as a function of 1 s time bins for the CS�, CS�, and US periods. The vertical dashed line at time
0 represents the CS onset. The vertical dashed line at time 10 represents the CS offset and the onset of US delivery. C, For the
sessions with acute AMPH exposure, the average frequency of trough entry is plotted as a function of AMPH dose for the CS�,
CS�, and US. Error bars represent SEM.

Table 2. Prevalence of CS�, CS�, and US NAc responses during the acute AMPH phase, segregated by response
type

Baseline 0 mg/kg 0.25 mg/kg 0.5 mg/kg 1 mg/kg

Excitatory CS�
Long-lasting 22 (19%) 28 (23%) 27 (24%) 21 (17%) 25 (21%)
Transient 8 (7%) 7 (6%) 5 (4%) 8 (6%) 5 (4%)

Inhibitory CS�
Long-lasting 32 (28%) 40 (33%) 32 (28%) 39 (31%) 32 (27%)
Transient 4 (3%) 4 (3%) 2 (2%) 2 (2%) 4 (3%)

Excitatory CS�
Long-lasting 11 (10%) 18 (16%) 15 (13%) 12 (9%) 14 (12%)
Transient 4 (3%) 5 (4%) 5 (4%) 6 (5%) 7 (6%)

Inhibitory CS�
Long-lasting 5 (4%) 7 (6%) 4 (4%) 5 (4%) 3 (3%)
Transient 2 (2%) 1 (1%) 2 (2%) 2 (2%) 3 (3%)

Excitatory US 31 (27%) 37 (30%) 35 (31%) 33 (26%) 33 (28%)
Inhibitory US 37 (32%) 40 (33%) 37 (32%) 42 (33%) 40 (34%)
Total 115 123 114 127 117
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particular, lesion centers within 150 �m of the
core–shell border were defined as border neu-
rons. Neurons recorded from extra-accumbal
structures were excluded from analyses.

Results
Histology
Neuronal activity was recorded from 144
wires located within the NAc. Of the 144
wires, 61 (42%) were in the core and 34
(24%) were in the shell (Fig. 1C). The re-
maining wires were along the core–shell
border.

Baseline recording session
Behavior
During the baseline recording session, rats
demonstrated behavioral discrimination
between the CS� and the CS� (Fig. 2A).
A paired t test showed that the frequency
of trough entry during the CS� was signif-
icantly higher than that during the CS�
(t(9) � 7.103; p � 0.001). A more detailed
characterization of trough entry during
the CS� (Fig. 2B) showed that the fre-
quency of trough entry increased gradually
across the 10 s CS�, peaking shortly after
the offset of the CS�. Thereafter, the fre-
quency of trough entry decreased and re-
mained low during the US.

Firing patterns
During the baseline recording session,
83% of recorded neurons responded to at
least one event. Among the responsive
neurons, 72% showed a change in firing
during the US, 69% showed a change in
firing during the CS�, and 23% showed a
change in firing during the CS�. A small
set of stimulus responses were transient.
However, the majority of CS� and CS�
responses were sustained across the entire
10 s stimulus presentation. Therefore, all
analyses focused on the long-lasting firing
patterns. The prevalence of each type of
firing pattern is presented in Table 2. Indi-
vidual neuron examples are presented in
Figure 3. The firing patterns observed dur-
ing the baseline session were consistent
with those observed in a previous study
(Wan and Peoples, 2006).

Acute AMPH
Behavior
Acute AMPH selectively increased the fre-
quency of trough entry during the CS�
relative to the CS� (Fig. 2C). A two-way
repeated-measures ANOVA with dose
(i.e., 0, 0.25, 0.50, and 1.0 mg/kg) and
stimulus (i.e., CS� and CS�) as factors
showed that there was a significant dose �
stimulus interaction (F(3,27) � 7.832; p �
0.001) and a significant effect of dose
(F(3,27) � 4.274; p � 0.05). AMPH did not

Figure 3. Individual neuron examples of CS�, CS�, and US firing patterns recorded during the baseline session. A, Individual
examples of excitatory neuronal responses to the CS�, CS�, and US. B, Individual examples of inhibitory neuronal responses to
the CS�, CS�, and US. In each histogram, the normalized firing rate is plotted as a function of 0.25 s time bins for the pre-CS�
period and for the event of interest. In CS� and CS� histograms, the vertical dashed line at time 0 represents the CS onset. In US
histograms, the x-axis is broken into two intervals to represent the pre-CS� (�10 to 0 s before the CS� onset) and the US (0 –10
s after the onset of US consumption), respectively.

Figure 4. Average excitatory CS� responses during the acute AMPH phase. A, Population perievent histograms showing the
average responses of neurons that exhibited an excitatory CS� response. In each histogram, average normalized firing rate is
plotted as a function of 0.25 s time bins for the 10 s pre-CS� and CS� periods. The vertical dashed line at time 0 represents the
CS� onset. B, For neurons exhibiting an excitatory CS� response, average normalized firing rate is plotted as a function of AMPH
dose for the pre-CS�, CS�, and CS� periods. The asterisk indicates a significant increase in firing at 1.0 mg/kg AMPH relative to
0 mg/kg AMPH ( p�0.05). BL, Baseline. C, For neurons exhibiting an excitatory CS� response, the average normalized firing rate
is plotted as a function of AMPH dose for the “in,” “exit,” and “out” periods. Detailed definitions of the in, exit, and out periods are
given in Materials and Methods. D, For neurons recorded from the NAc core and shell, the average normalized firing rate during the
CS� period is plotted as a function of AMPH dose. Error bars represent SEM.
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affect the frequency of trough entry during
the US (F(3,27) � 2.281; p � 0.102).

Firing patterns
Prevalence. Table 2 summarizes the preva-
lence of time-locked responses to the
CS�, the CS�, and the US at each of the
AMPH doses, segregated by the response
type (i.e., excitatory or inhibitory). AMPH
doses did not significantly affect the prev-
alence of neurons responding to the CS�
(�(3)

2 � 0.60; p � 0.90), CS� (�(3)
2 � 0.47;

p � 0.93), or US (�(3)
2 � 0.91; p � 0.82).

When excitatory and inhibitory response
types were segregated, there was no rela-
tionship between AMPH dose and re-
sponse type for CS� (�(6)

2 � 3.43; p �
0.75), CS� (�(6)

2 � 3.45; p � 0.75), or US
(�(6)

2 � 0.98; p � 0.99) responses, indicat-
ing that AMPH doses did not affect the
relative distribution of excitatory and in-
hibitory response types. Table 3 summa-
rizes the prevalence of time-locked re-
sponses to the CS� and the US, segregated
by the NAc subregion (i.e., core or shell). A
similar proportion of neurons in the core
and in the shell showed responses to the
US (z � 0.35; p � 0.73), whereas a larger
proportion of the core neurons showed re-
sponses to the CS� relative to the shell
neurons (z � 2.04; p � 0.05). Neverthe-
less, no relationship between AMPH dose
and NAc subregion was found for either
the CS� (�(3)

2 � 0.41; p � 0.94) or the US
(�(3)

2 � 1.23; p � 0.75) firing patterns.
Firing rate: excitatory CS� responses.

For excitatory CS� neurons, AMPH in-
creased average firing rate during the CS�
but not during the CS� (Fig. 4A,B). A
two-way mixed ANOVA with dose (i.e., 0,
0.25, 0.5, and 1.0 mg/kg) and stimulus
(i.e., CS� and CS�) as factors showed
that there was a significant effect of dose (F(3,97) � 6.099; p �
0.01) and a significant dose � stimulus interaction (F(3,97) �
13.368; p � 0.001). Post hoc tests showed that average firing dur-
ing the CS� was significantly greater at 1.0 mg/kg AMPH com-
pared with saline (i.e., 0 mg/kg AMPH) (Bonferroni, p � 0.001).
An additional analysis showed that AMPH did not significantly
affect firing rate during the pre-CS� (F(3,97) � 2.039; p � 0.114)
(Fig. 4A,B).

It was possible that the selective AMPH-induced increase in
CS� firing reflected the similarly selective AMPH-induced in-
crease in trough entry. If this interpretation were correct, one
would expect that limiting comparisons of firing to either periods
of matched behavior or periods in which trough entry was absent
would eliminate the acute drug effect. To test this prediction, we
conducted a behavioral clamp control analysis (see Materials and
Methods). Briefly, for each excitatory CS� neuron, we calculated
firing rate during three CS� periods, including the following: (1)
periods of trough entry (i.e., in), (2) periods of trough exit (i.e.,
exit), and (3) a non-trough-entry period (i.e., out) (Fig. 4C). A
two-way mixed ANOVA with dose and behavior as factors
showed that there was a significant effect of behavior on firing

rate (F(2,194) � 95.796; p � 0.001). There was also a significant
effect of dose on firing rate (F(3,97) � 25.613; p � 0.001). How-
ever, there was no significant dose � behavior interaction
(F(6,194) � 1.641; p � 0.138). These findings show that the
AMPH-induced increase in excitatory CS� responses was appar-
ent in the absence of the trough-entry behavior and also when
behavior was matched across the different doses of AMPH.

We tested for a different AMPH effect on the excitatory CS�
response of core and shell neurons (Fig. 4D). A two-way ANOVA
with subregion (i.e., core vs shell) and dose as factors showed that
there was a significant effect of dose (F(3,60) � 6.787; p � 0.001)
and subregion (F(1,60) � 4.114; p � 0.05), but no interaction
between the two factors (F(3,60) � 0.079; p � 0.971). These results
show that the excitatory CS� response was greater in magnitude
for core neurons than for shell neurons. Nevertheless, the drug
had comparable effects across the two subregions.

Firing rate: inhibitory CS� responses. Acute AMPH had no
significant effect on firing rate of inhibitory CS� neurons during
either the CS� or the CS� (Fig. 5A,B). A two-way ANOVA
showed that there was no significant effect of dose (F(3,139) �
0.117; p � 0.950) and no significant dose � stimulus interaction

Table 3. Prevalence of CS� and US NAc responses during the acute AMPH phase, segregated by NAc subregion

Baseline 0 mg/kg 0.25 mg/kg 0.5 mg/kg 1 mg/kg

Core total 49 52 54 51 45
CS� responsive 25 (51%) 30 (58%) 28 (52%) 25 (49%) 24 (53%)
US responsive 29 (59%) 27 (52%) 31 (57%) 32 (63%) 27 (60%)
Shell total 32 38 31 35 37
CS� responsive 11 (34%) 17 (45%) 13 (42%) 14 (40%) 15 (41%)
US responsive 17 (53%) 22 (58%) 16 (52%) 22 (63%) 19 (51%)

Figure 5. Average inhibitory CS� responses during the acute AMPH phase. A, Population perievent histograms showing
average responses of neurons that exhibited an inhibitory CS� response. In each histogram, average normalized firing rate is
plotted as a function of 0.25 s time bins for the 10 s pre-CS� and CS� periods. The vertical dashed line at time 0 represents the
CS� onset. B, For neurons exhibiting an inhibitory CS� response, average normalized firing rate is plotted as a function of AMPH
dose for the pre-CS�, CS�, and CS� periods. BL, Baseline. C, For neurons recorded from the NAc core and shell, average
normalized firing rate during the CS� period is plotted as a function of AMPH dose. Error bars represent SEM.
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(F(3,139) � 2.536; p � 0.059). A separate one-way ANOVA
showed that there was also no significant effect of AMPH on
firing rate during the pre-CS� (F(3,139) � 0.433; p � 0.730) (Fig.
5A,B).

There was no differential acute AMPH effect on firing rate of
inhibitory CS� neurons when the core and the shell neurons
were segregated. A two-way ANOVA with subregion and dose as
factors showed that there was no significant effect of subregion
(F(1,91) � 1.424; p � 0.236) and no significant effect of dose
(F(3,91) � 1.677; p � 0.177); moreover, there was no significant
subregion � dose interaction (F(3,91) � 0.690; p � 0.561).

Firing rate: US responses. For excitatory
US neurons, acute AMPH did not signifi-
cantly affect average firing rate during ei-
ther the pre-CS� period or the US period
(Fig. 6A). A two-way ANOVA applied to
average firing of the excitatory US neurons
showed that there was no significant effect
of dose (F(1,134) � 1.193; p � 0.315) and no
significant dose � stimulus interaction
(F(3,134) � 1.495; p � 0.219). A similar
analysis applied to average firing of the in-
hibitory US neurons (Fig. 6B) showed that
there was no significant effect of dose
(F(3,155) � 0.462; p � 0.709) and no signif-
icant dose � stimulus interaction (F(3,155)

� 0.205; p � 0.893).
Firing rate: CS� responses. Acute

AMPH had no significant effect on firing
of excitatory CS� neurons during either
the CS� or the CS� (Fig. 6C). A two-way
ANOVA showed that there was no signifi-
cant effect of dose (F(3,55) � 0.493; p �
0.689) and no significant dose � stimulus
interaction (F(3,55) � 0.854; p � 0.471).
For inhibitory CS� neurons (Fig. 6D),
there was also no significant effect of dose
(F(3,15) � 1.754; p � 0.199) and no dose �
stimulus interaction (F(3,15) � 0.486; p �
0.697).

Repeated AMPH
Behavior
Repeated exposure to AMPH followed by
a drug-free period (referred to as repeated
AMPH) enhanced the effect of acute
AMPH on locomotor activity, but did not
alter locomotion during saline exposure
(Fig. 7A). A two-way repeated-measures
ANOVA with dose (i.e., 0 mg/kg vs 0.25
mg/kg AMPH) and phase (i.e., before vs
after the drug-free period) showed a
dose � phase interaction (F(1,4) � 8.125;
p � 0.05), a dose effect (F(1,4) � 68.23; p �
0.001), and a phase effect (F(1,4) � 1.751;
p � 0.05). These findings are consistent
with the interpretation that repeated
AMPH increased animals’ response to the
locomotor-activating effect of acute
AMPH. This effect has been referred to as
“locomotor sensitization” (Robinson and
Becker, 1986).

Repeated AMPH did not affect the fre-
quency of trough entry (Fig. 7B). A three-way repeated-measures
ANOVA with stimulus, dose, and phase as factors showed that
although there was an effect of stimulus (F(1,4) � 45.910; p �
0.001), an effect of dose (F(1,4) � 7.888; p � 0.05), and a dose �
stimulus interaction (F(1,4) � 33.00; p � 0.01), there was no
significant dose � stimulus � phase interaction and no dose �
phase interaction (both p � 0.05). Similarly, when the frequency
of trough entry during the US was examined, there was no signif-
icant effect of either phase or dose, and no significant interaction
(all p � 0.05). These results show that repeated AMPH did not
affect conditioned approach behavior.

Figure 6. Average US and CS� responses during the acute AMPH phase. A, B, For neurons responding to the US, the average
normalized firing rate during the pre-CS� and US periods is plotted as a function of AMPH dose. A, Neurons excited during the US.
B, Neurons inhibited during the US. C, D, For neurons exhibiting a CS� response, the average normalized firing rate plotted as a
function of AMPH dose for the pre-CS�, CS�, and CS� periods. C, Neurons excited during the CS�. D, Neurons inhibited during
the CS�. Error bars represent SEM. BL, Baseline.

Figure 7. Locomotor activity and the frequency of trough entry before and after the drug-free period. A, The locomotor activity
score is plotted for both the 0 and the 0.25 mg/kg AMPH sessions before and after the drug-free period. B, The frequency of trough
entry during the CS�, CS�, and US periods is plotted for the 0 and 0.25 mg/kg AMPH sessions both before and after the drug-free
period. In all figures, “Pre” on the x-axis indicates sessions before the drug-free period, and “Post” indicates sessions after the
drug-free period. Error bars represent SEM.

Wan and Peoples • AMPH on NAc Firing in a Pavlovian Task J. Neurosci., July 23, 2008 • 28(30):7501–7512 • 7507



Firing patterns
Prevalence. There was a trend for the prev-
alence of event-related firing patterns to
increase between the sessions that oc-
curred before and after the drug-free pe-
riod (Table 4). The increases were not sig-
nificant when the individual response
types were considered separately: � 2 tests
with response type (excitatory or inhibi-
tory) and session (i.e., the 0 and 0.25
mg/kg AMPH sessions before the drug-
free period, and the 0 and 0.25 mg/kg
AMPH sessions after the drug-free period)
as factors showed that there was no signif-
icant change in prevalence of CS� (�(6)

2 �
4.07; p � 0.67), CS� (�(6)

2 � 3.61; p �
0.73), or US (�(6)

2 � 4.11; p � 0.66) re-
sponses. However, between the AMPH
sessions that occurred before and after the
drug-free period, there was a significant increase in prevalence of
CS� responsive neurons when excitatory and inhibitory CS�
responses were combined (z � 2.558; p � 0.05).

Firing rate: CS� responses. After the drug-free period, the av-
erage firing rate of excitatory CS� neurons was increased during
the CS� (Fig. 8A,C). A three-way mixed ANOVA with stimulus
(i.e., CS� and CS�), dose (i.e., 0 and 0.25 mg/kg AMPH), and
phase (i.e., before and after the drug-free period) as factors
showed that there was a significant stimulus � dose � phase
interaction (F(1,49) � 4.300; p � 0.05) (Fig. 8C). Further analyses
showed that excitatory CS� responses during the 0 mg/kg
AMPH session were increased after the drug-free period. A two-
way ANOVA showed that there was a significant stimulus �
phase interaction (F(1,26) � 33.506; p � 0.001) when the two 0
mg/kg AMPH sessions were compared. In contrast, when the
0.25 mg/kg AMPH sessions were compared, a two-way ANOVA
showed no stimulus � phase interaction (F(1,23) � 1.426; p �
0.245), indicating that repeated AMPH failed to further potenti-
ate the acute effect of 0.25 mg/kg AMPH on the CS� firing rate.

Repeated AMPH did not affect the average firing rate of in-
hibitory CS� neurons (Fig. 8B and 8D). For this subset of neu-
rons, a three-way ANOVA showed no stimulus � dose � phase
interaction (F(1,52) � 0.050; p � 0.824).

Firing rate: US responses. Repeated AMPH did not affect firing
rate of US responsive neurons. In neurons exhibiting excitatory
US responses (Fig. 9A), a three-way ANOVA with stimulus (i.e.,
pre-CS� and US), dose, and phase as factors showed that there
was no stimulus � dose � phase interaction (F(1,55) � 0.591; p �
0.445), no dose � phase interaction (F(1,55) � 2.721; p � 0.105),
and no effect of either dose (F(1,55) � 0.791; p � 0.378), or phase
(F(1,55) � 0.228; p � 0.635), indicating that repeated AMPH did
not affect firing rate during either the US or the pre-CS� period.
Similarly, in neurons exhibiting inhibitory US responses (Fig.
9B), a three-way ANOVA showed that there was no significant
stimulus � dose � phase (F(1,86) � 1.301; p � 0.257) or dose �
phase (F(1,86) � 0.282; p � 0.597) interaction. There was also no
significant effect of either dose (F(1,86) � 3.809; p � 0.054) or
phase (F(1,86) � 1.297; p � 0.258).

Firing rate: CS� responses. Repeated AMPH did not affect the
excitatory CS� responses (Fig. 9C). A three-way ANOVA with
stimulus (i.e., CS� and CS�), dose, and phase as factors showed
no significant stimulus � dose � phase interaction (F(1,30) �
0.452; p � 0.507), no significant dose � phase interaction (F(1,30)

� 0.001; p � 0.975), and no effect of either dose (F(1,30) � 0.147;

p � 0.704) or phase (F(1,30) � 0.564; p � 0.459). Very few neurons
showing inhibitory CS� responses were found. Thus, the average
firing rate of the neurons was shown in Figure 9D, but no statis-
tical examination was performed.

Summary of the major findings of the acute and repeated
AMPH phases
Acute AMPH increased pavlovian conditioned approach. AMPH
concomitantly increased the amplitude of excitatory neuronal
responses to the CS�. There was no acute AMPH effect on neu-
ronal responses to the US, nor was there an AMPH effect on CS�
neuronal responses. Excitatory CS� responses were stronger in
the core than in the shell, whereas the core and the shell neurons
were similarly affected by acute AMPH. Although repeated
AMPH induced locomotor sensitization, it did not affect condi-
tioned approach behavior. Nevertheless, repeated AMPH in-
creased the prevalence of neuronal responses during the CS� and
also increased the amplitude of excitatory CS� neuronal
responses.

Discussion
Acute AMPH
Behavior
Previous studies have shown that acute AMPH enhances the con-
ditioned reinforcing and energizing effects of CS� stimuli on
instrumental behavior (Robbins, 1978; Taylor and Robbins,
1984; Wyvell and Berridge, 2000). In the present study, acute
AMPH similarly strengthened the impact of CS� stimuli on pav-
lovian conditioned approach behavior. Tindell et al. (2005) did
not observe a similar AMPH effect on conditioned approach.
However, there were numerous conditioning [e.g., an additional
CS� in the study by Tindell et al. (2005)] and pharmacological
parameters (e.g., AMPH dose) that differed between the present
study and that of Tindell et al. (2005). These observations suggest
that the acute AMPH effect on conditioned approach is parame-
ter sensitive.

CS� neuronal responses
The observation that AMPH affected CS� but not CS� neuronal
responses is subject to multiple potential functional interpreta-
tions. A selective effect on the CS� response could reflect a drug
effect on NAc responses to sensory (i.e., physical) characteristics
of the CS�. However, this interpretation can be excluded given
that the light and white noise stimuli used as the CS� and CS�
were counterbalanced across animals. Another potential inter-

Table 4. Prevalence of NAc responses before and after the drug-free period

Before After

0 mg/kg 0.25 mg/kg 0 mg/kg 0.25 mg/kg

Excitatory CS�
Long-lasting 12 (18%) 11 (18%) 16 (23%) 14 (25%)
Transient 3 (4%) 4 (7%) 4 (6%) 1 (2%)

Inhibitory CS�
Long-lasting 15 (22%) 10 (16%) 16 (23%) 15 (26%)
Transient 0 (0%) 2 (3%) 2 (3%) 5 (9%)

Excitatory CS�
Long-lasting 6 (9%) 7 (11%) 10 (14%) 11 (19%)
Transient 4 (6%) 3 (5%) 3 (4%) 5 (9%)

Inhibitory CS�
Long-lasting 3 (4%) 2 (3%) 3 (4%) 3 (5%)
Transient 1 (1%) 0 (0%) 0 (0%) 1 (2%)

Excitatory US 15 (22%) 11 (18%) 16 (23%) 17 (30%)
Inhibitory US 27 (40%) 24 (39%) 21 (30%) 18 (32%)
Total 68 61 70 57
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pretation of the AMPH effect is that it reflected the drug-induced
increase in trough entry during the CS�. However, this interpre-
tation can be excluded given the results of the behavioral clamp
analysis. Based on these findings, the AMPH effect on CS� firing
most likely reflected a drug effect on NAc neuronal responses to
one or more conditioned characteristics of the CS� (e.g., the
predictive relationship between the CS� and the US).

Although the acute AMPH effect on CS� firing was disso-
ciable from the trough entry behavior per se, the drug effect on
CS� firing could have nevertheless contributed to the AMPH-
induced increase in the frequency of the conditioned approach
behavior. This interpretation is supported by the observation that
AMPH actions in the NAc are sufficient for amplification of the
energizing and conditioned reinforcing effects of CS� stimuli on
conditioned behavior (Robbins, 1978; Taylor and Robbins, 1984;
Wyvell and Berridge, 2000). Moreover, the NAc is necessary for
acquisition and expression of pavlovian conditioned approach

(Parkinson et al., 1999; Cardinal et al.,
2002). Given these observations, AMPH-
induced changes in NAc CS� firing could
have contributed to the selective increase
in conditioned approach during CS�
presentations.

Previous studies have shown that the
NAc core is required for the expression of
CS� effects, whereas the shell is necessary
for the acute AMPH-induced enhance-
ment of CS� effects (Parkinson et al.,
1999). In the present study, CS� re-
sponses were greater in prevalence and
magnitude in the core than in the shell,
although the AMPH effect on CS� re-
sponses was comparable across the two
subregions. The difference in strength of
CS� responses may be relevant to under-
standing the differential involvement of
the NAc core and shell in pavlovian condi-
tioned stimulus effects.

The mechanisms that mediated the ef-
fects of systemically administered AMPH
on NAc neuronal activity in the present
study could include drug actions in NAc
afferents (Tindell et al., 2005; Homayoun
and Moghaddam, 2006), the NAc itself, or
both. In considering potential intra-NAc
mechanisms, multiple lines of evidence
support a possible role for changes in DA
transmission, including the following: (1)
DA transmission within the NAc is in-
volved in regulating pavlovian condi-
tioned approach (Di Ciano et al., 2001;
Parkinson et al., 2002; Eyny and Horvitz,
2003; Dalley et al., 2005); (2) presentations
of CS� stimuli elevate NAc DA (Roitman
et al., 2004); (3) NAc DA is necessary for
AMPH effects on the reinforcing proper-
ties of CS� stimuli (Taylor and Robbins,
1986); (4) DA and direct DA agonists can
mimic the effects of AMPH on NAc firing
(Kiyatkin and Rebec, 1996; Nicola et al.,
1996; Nicola and Malenka, 1997); and (5)
DA antagonists can block AMPH-induced
modulation of NAc firing (Nicola et al.,

1996; Kiyatkin and Rebec, 1997).

US neuronal responses
Acute AMPH did not affect US neuronal responses. The lack of
drug effects on US responses is consistent with evidence that DA
transmission within the NAc is not critically involved in mediat-
ing consummatory behaviors, including feeding (Bakshi and
Kelley, 1991; Baldo et al., 2002; Cannon and Palmiter, 2003;
Cheng et al., 2003; Hanlon et al., 2004).

Comparison to other electrophysiological studies
Both bath application of AMPH in vitro and iontophoretic
AMPH administration in freely moving animals decrease activity
in NAc neurons (Nicola et al., 1996; Kiyatkin and Rebec, 1997; Li
and Kauer, 2004). In contrast, systemic AMPH administration in
behaving animals has more heterogeneous effects (Rebec, 1987;
Haracz et al., 1993; Kessal et al., 2005). The present study showed

Figure 8. Average CS� responses before and after the drug-free period. A, B, Population perievent histograms showing the
average responses of neurons exhibiting either an excitatory (A) or inhibitory (B) response to the CS�. In each histogram, the
average normalized firing rate is plotted as a function of 0.25 s time bins for the 10 s pre-CS�and the 10 s CS�period. The vertical
dashed line at time 0 represents the onset of the CS�. C, D, For neurons exhibiting CS� responses, the average normalized firing
rate during the CS� and CS� periods is plotted for the 0 and 0.25 mg/kg AMPH sessions both before and after the drug-free
period. C, Neurons excited during the CS�. D, Neurons inhibited during the CS�. Error bars represent SEM. **p � 0.01.
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that systemic AMPH administration in be-
having animals can enhance particular ex-
citatory task-related firing patterns, while
leaving others unaffected. The different
acute AMPH effects observed among the
various studies could reflect between-
experiment differences in either (1) NAc
AMPH concentration or (2) route of drug
administration (local vs systemic). The
different AMPH effects also could reflect a
DA-mediated, afferent-specific or activity-
specific AMPH effect [cf. Nicola et al.
(2000), O’Donnell (2003), and West et al.
(2003)].

Repeated AMPH
Behavior
Repeated exposure to psychostimulants,
particularly if followed by an extended
drug-free period, can induce locomotor
sensitization (Robinson and Becker,
1986) and enhance the energizing and
reinforcing effects of CS� stimuli in
drug-free animals (Taylor and Horger,
1999; Wyvell and Berridge, 2001). In the
present study, repeated AMPH increased
the locomotor-activating effects of
AMPH but had no effect on conditioned
approach behavior. Tindell et al. (2005)
made a similar observation. Other stud-
ies of conditioned approach have shown
that a history of AMPH before any con-
ditioning history enhances the rate of
conditioned approach during early
(drug-free) conditioning sessions. However, the same treat-
ment has no effect on expression of the behavior in later ses-
sions, once behavior is asymptotic (Harmer and Phillips, 1998;
Taylor and Jentsch, 2001). Thus, multiple studies have failed
to observe an effect of repeated AMPH on expression of well
conditioned approach behavior.

In considering potential explanations for the absence of a
repeated-AMPH effect on well established conditioned ap-
proach, one can formulate a number of hypotheses, some of
which include the following. First, it is possible that other behav-
iors enhanced by repeated AMPH interfere with expression of
conditioned approach. Second, neuroadaptations induced by re-
peated AMPH are not wholly consistent with those necessary for
an upregulation of previously acquired conditioned approach.
Third, it is interesting to note that in all cases in which an effect of
repeated AMPH was observed, measurement of conditioned be-
havior occurred in situations that were novel to animals (i.e.,
during acquisition of a new conditioned behavior or during ex-
posure to a previously conditioned CS� in a novel behavioral
setting). This contrasts with studies of AMPH effects on well
established conditioned approach behavior. A possible effect of
novelty is supported by evidence that novelty impacts the firing
rate of DA neurons to conditioned stimuli (Ljungberg et al., 1992;
Schultz et al., 1993), as well as the role of NAc DA in goal-directed
behavior (Smith-Roe and Kelley, 2000).

Accumbal firing patterns
Repeated AMPH was associated with an increase in the prev-
alence of CS� responsive neurons and an increase in the am-

plitude of excitatory CS� firing patterns. The effect on firing
rate is similar to the effect of repeated AMPH on CS� re-
sponses of neurons in ventral pallidum (Tindell et al., 2005), a
structure that has reciprocal connections with the NAc (Groe-
newegen et al., 1993; Zahm, 2000). The AMPH findings are
also consistent with effects of certain regimens of cocaine self-
administration and drug abstinence on task-related firing
(Hollander and Carelli, 2005, 2007) (but see Peoples et al.,
2007a,b). It is possible that enhancement of task-related firing
is a general, multiregional effect of repeated psychostimulant
exposure.

Previous studies have shown that both spontaneous and
evoked accumbal activity is altered after repeated AMPH regi-
mens (Brady et al., 2003; Li and Kauer, 2004). Our data addition-
ally show that in behaving animals task-related NAc firing pat-
terns can be affected. The selective nature of the changes in task-
related firing in the present study is consistent with other
evidence that neuroadaptations associated with repeated AMPH
are not homogeneous among NAc neurons and might be either
afferent (Brady et al., 2003) or activity dependent. Repeated
AMPH induces numerous types of molecular, neurochemical,
and morphological adaptations in the NAc (Robinson et al.,
1988; Roseboom et al., 1990; Wolf et al., 1993, 1994; Bonhomme
et al., 1995; Lu et al., 1997, 1999; Robinson and Kolb, 1997, 1999;
Giorgetti et al., 2001; Brebner et al., 2005). However, these adap-
tations were observed under different exposure regimens, so it is
difficult to speculate about the adaptations that mediate the pres-
ently observed repeated AMPH effects.

Figure 9. Average US and CS� responses before and after the drug-free period. A, B, For neurons exhibiting responses to the
US, average normalized firing rate during the pre-CS� and the US periods is plotted for the 0 and 0.25 mg/kg AMPH sessions both
before and after the drug-free period. A, Neurons excited during the US. B, Neurons inhibited during the US. C, D, For neurons
exhibiting CS� responses, the average normalized firing rate during the CS� and CS� periods is plotted for both the 0 and 0.25
mg/kg AMPH sessions both before and after the drug-free period. C, Neurons excited during the CS�. D, Neurons inhibited during
the CS�. Error bars represent SEM.
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Conclusions
It is hypothesized that acute and repeated AMPH-induced en-
hancements of CS� effects on behavior are mediated by an am-
plification of NAc neuronal responses to CS� stimuli. The
present data support this hypothesis. Further evaluation of the
hypothesis will require additional characterization of the effects
of AMPH on conditioned approach, and tests of whether the
present neuronal findings generalize to AMPH effects on the en-
ergizing and reinforcing properties of pavlovian conditioned
stimuli.

References
Bakshi VP, Kelley AE (1991) Dopaminergic regulation of feeding behavior.

II. Differential effects of amphetamine microinfusion into three striatal
subregions. Psychobiology 19:233–242.

Baldo BA, Sadeghian K, Basso AM, Kelley AE (2002) Effects of selective
dopamine D1 or D2 receptor blockade within nucleus accumbens subre-
gions on ingestive behavior and associated motor activity. Behav Brain
Res 137:165–177.

Bonhomme N, Cador M, Stinus L, Le Moal M, Spampinato U (1995) Short
and long-term changes in dopamine and serotonin receptor binding sites
in amphetamine-sensitized rats: a quantitative autoradiographic study.
Brain Res 675:215–223.

Brady AM, Glick SD, O’Donnell P (2003) Changes in electrophysiological
properties of nucleus accumbens neurons depend on the extent of behav-
ioral sensitization to chronic methamphetamine. Ann N Y Acad Sci
1003:358 –363.

Brebner K, Wong TP, Liu L, Liu Y, Campsall P, Gray S, Phelps L, Phillips AG,
Wang YT (2005) Nucleus accumbens long-term depression and the ex-
pression of behavioral sensitization. Science 310:1340 –1343.

Cannon CM, Palmiter RD (2003) Reward without dopamine. J Neurosci
23:10827–10831.

Cardinal RN, Parkinson JA, Lachenal G, Halkerston KM, Rudarakanchana N,
Hall J, Morrison CH, Howes SR, Robbins TW, Everitt BJ (2002) Effects
of selective excitotoxic lesions of the nucleus accumbens core, anterior
cingulate cortex, and central nucleus of the amygdala on autoshaping
performance in rats. Behav Neurosci 116:553–567.

Cheng JJ, de Bruin JPC, Feenstra MGP (2003) Dopamine efflux in nucleus
accumbens shell and core in response to appetitive classical conditioning.
Eur J Neurosci 18:1306 –1314.
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